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Abstract: In order to extend the transfer distance, enhance the tolerance for coil misalignment, and improve the
capability of energy feedback and power transfer eﬃciency of conventional wireless power transfer (WPT) systems for
electric vehicles, this paper presents a bidirectional WPT topology with a relay circuit. In the proposed topology, the
primary and pickup circuits are implemented with virtually identical structures, which can operate in both magnetic
field excitation and magnetic field receiving modes to facilitate bidirectional power flow between the primary side and
the pickup side. A relay circuit is introduced to achieve high transfer eﬃciency under special conditions such as long
distance or coil misalignment. The mathematical model of the system is established to describe its working mechanism
in detail. Both the direction and amount of power flow can be regulated by controlling the shift phase voltages generated
by primary and pickup switches. At the same time, the power and eﬃciency of system are analyzed, which provides a
reference to optimize the parameters. The viability of the proposed system is verified by experiments, and the results
suggest that the relay bidirectional WPT system is a reliable and eﬃcient system for electric vehicle charging systems.
Key words: Wireless power transfer, electric vehicle, relay, bidirectional power transfer

1. Introduction
The wireless power transfer (WPT) system based on the inductive coupled power transfer (ICPT) technique
can transmit electric energy from the power sources to the loads without any wires between the two sides, which
oﬀers advantages in terms of flexibility, reliability, and safety [1–4]. Therefore, it has been gaining popularity and
is widely used in some special fields, including household appliances, implanted biomedical sensors for organs,
underwater charging, and online electric power supply [5–8]. The development trend of WPT technology is
long-distance, high-power, high-eﬃciency, misalignment-tolerant, etc. [9–11].
WPT technology is a contactless power transfer method using magnetic field coupling, and therefore
the distance of transfer should be as long as possible to make WPT technology widely used in industrial and
household applications. To realize quick charging in some applications, e.g., electric vehicles (EVs), WPT
systems used in these applications should have the feature of high-power transfer. Due to the application of
high-frequency converters and the existence of ESRs of coils in WPT systems, it is necessary to study the
improvement of eﬃciency of WPT systems. Coil misalignment is a common problem in WPT systems, as it
can lead to the fluctuation of transferred power. Therefore, a WPT system with tolerance of misalignment is
investigated in terms of circuit topology, magnetic structure, and control methods.
∗ Correspondence:
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With the rapid development of new energy vehicles, wireless charging systems for EVs have received much
attention. The structure of a typical wireless charging system for EVs is shown in Figure 1, where a wireless
charging system for the EV consists of two electrically isolated parts, namely the primary side and the pickup
side.

Figure 1. A typical WPT system for an electric vehicle.

At the primary side, which is usually installed under the ground, a high-frequency current is generated in
the resonant tank, resulting in high-frequency electromagnetics. The primary coil, together with an inductorcapacitor-inductance (LCL) parallel resonant circuit, generates a high-frequency electromagnetic field, which is
mainly installed beneath the ground.
The pickup coil is magnetically coupled to the primary coil through the electromagnetic field, and the
inductive current in the pickup coil is regulated with the rectifying and filtering circuits, which are applied to
charge the onboard battery pack. In general, a control circuit is included in both primary and pickup sides to
adjust the charging power according to the requirements of the battery.
However, the transfer power and eﬃciency of the system are reduced due to factors caused by diﬀerent
heights of the EV chassis and parking in an inaccurate position, which have serious impacts on output power
and eﬃciency of wireless charging systems. Besides, the WPT system has only worked in unidirectional mode
such that the energy stored in the battery of the EV cannot feed back to the grid. This limitation seriously
hinders the application of the WPT system in the field of EV charging. To date, scholars have done the following
research on these issues:
1) Limited transfer distance: The energy transfer eﬃciency is decreased sharply while distance increases. At
present, designers often increase the system frequency to alleviate this contradiction [12].
2) Bidirectional energy transfer: Bidirectional WPT systems have been studied in both single-phase and
three-phase systems to improve the eﬃciency of energy feedback [13–15]. An interesting aspect of electric
vehicles is the possibility of integrating the vehicle-to-grid (V2G) concept into the utility grid. In this
concept, the V2G operation takes place at the moment of high demand while G2V operation happens at
times of low demand.
3) The low tolerance of coil misalignment between the primary and pickup coils: To solve this problem,
scholars mainly study the design of the coil [16], the impedance network, coil positioning technology, and
other aspects.
In this paper, we present a new relay bidirectional mode to solve the above disadvantages for an EV WPT
charging system (Figure 2). As shown in Figure 2, this system comprises three parts: the power converter and
magnetic energy transmitter mechanism on the primary side, the power relay structure between the primary
3038
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and pickup sides, and the pickup coil and power conditioner on the pickup side. LCL compensation is preferably
used to minimize the reactive power in the primary power converter and the pickup power conditioner. The
relay structure is also an LCL resonant circuit, which relays power from the primary to the pickup. Furthermore,
the relay mechanism has a flexible mechanical structure to charge the EV under conditions of long distance and
coil misalignment.

Figure 2. Schematic of the EV charging system with a relay ICPT system.

First, this paper introduces the basic structure and principle of the WPT system, and we present a
novel relay bidirectional WPT system and the system topological structure. In addition, the working mode
is introduced in detail. Second, the bidirectional power transfer mode and power control are researched. The
shift phase control is applied to the primary and pickup, realizing the regulation of the power transmitter of
the primary and received power of the load. Furthermore, the amount of the power flow and the direction can
be controlled by regulating the shift phase angle. Third, to optimize the system parameters, this paper focuses
on the transfer power and eﬃciency. Finally, the working process of the system is verified by simulation and
experiment.
2. Configuration of WPT system for an electric vehicle
A typical EV WPT system is shown in Figure 1, where the structure of the primary power converter is the full
bridge topology. In the WPT system, the primary and pickup coils generally have large leakage inductance, and
therefore a resonant circuit is employed in the primary and pickup side system to provide the reactive power
compensation, maximize the amount of power delivery, and improve the eﬃciency of the system. To realize the
full resonant state of the system, the WPT system usually works in fixed frequency mode or variable frequency
mode. However, due to diﬀerent types of EV batteries, the fixed frequency control mode is more suitable for
an EV WPT system. In addition, it is convenient for universal design if the current of the primary coil is
constant. The LCL resonant compensation topology can work in fixed frequency and current constant mode
[17]; therefore, the LCL resonant compensation network is widely used in the field of WPT.
3. Topology and model of relay WPT system for an electric vehicle
This paper proposes the relay bidirectional WPT system shown in Figure 3 to solve the problem of limited
transfer distance, the low tolerance of coil misalignment, the lack of energy feedback, and the low transfer
eﬃciency.
The proposed relay bidirectional WPT system employs a power converter and reversible magnetic energy
mechanism on the primary side, the relay structure between the primary and pickup side, and a pickup power
conditioner and reversible magnetic energy mechanism on the pickup side. The full bridge power converter
on the primary side, which includes power switches Q1 , Q2 , Q3 , Q4 and their respective internal diodes,
3039
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Figure 3. The circuit topology the proposed relay bidirectional WPT system.

is operated in high-frequency inverting mode. In addition, the full bridge power conditioner on the pickup
side, which includes power switches Q5 , Q6 , Q7 , Q8 and their respective internal diodes, is operated in PWM
rectifying mode. The primary resonant LCL (LP 1 , LP 2 , and CP ) circuit generates power flow. Similarly, LM 1 ,
LM 2 , and CM form the LCL power relay circuit to relay the power from the primary to the pickup side while the
pickup LCL (LS1 , LS2 , and CS ) receives the power flow. M1 and M2 represent mutual inductance between
the primary and the relay coil and mutual inductance between the relay and pickup coil, respectively. The
primary and pickup sides have an independent control circuit that can control both the amount and direction
of power flow eﬀectively. The primary and pickup circuits are implemented with virtually identical structures,
so the energy from the pickup side to the primary side will not repeat.
In the relay WPT system, the LCL magnetic mechanism can change its structure according to the actual
needs due to a variable LCL relay circuit used in the system between the primary coil and pickup coils. The
use of the relay mode realizes a wireless charging system for EVs eﬃciently, which overcomes the existing
shortcomings of EV wireless charging systems:
1) The realization of long distance energy transfer: A long distance wireless charging system for EVs is shown
in Figure 4. When the distance between the primary and pickup is too large, an LCL relay circuit can be
automatically added between the primary and pickup coil, which can theoretically meet the demand of
any distance WPT for electric vehicle.

Figure 4. Long distance transfer mode.

3040

Figure 5. Energy transfer mode under conditions of coil
misalignment.

XIA et al./Turk J Elec Eng & Comp Sci

2) Eﬃcient energy transfer under conditions of coil misalignment: Figure 5 shows the energy transfer mode
under the condition of coil misalignment. As shown in Figure 5, theoretically, the system can meet the
demand of WPT for EVs under any coil misalignment and any angle oﬀset by adding a bendable LCL
relay circuit between the primary and pickup sides.
3) Bidirectional energy transfer: The relay WPT system has completely symmetrical circuit topology for
both the primary side and the pickup side. Therefore, both the primary and pickup can work in magnetic
field excitation mode and magnetic field receiving mode in order to meet the needs of bidirectional energy
transfer. The system can also regulate the amount and direction of power flow dynamically according to
the working conditions.
4. Control of bidirectional power transfer for electric vehicle
4.1. Analysis of bidirectional power transfer
The proposed relay bidirectional WPT system given in Figure 3 can be simplified as the equivalent circuit shown
in Figure 6, where VI is the output voltage of the primary power converter circuit, VN is the induced voltage
of the primary transmitter coil, VM is the induced voltage of the relay receiving coil, VQ is the induced voltage
of the relay transmitter coil, VP is the pickup received voltage, VO is the equivalent AC voltage of output
generated by the reversible rectifier of pickup side, IP 1 is the primary current generated by the high-frequency
inverter, IP 2 is the primary transmitter current, IM 1 is the received current of the relay coil, IM 2 is the relay
transmitter coil current, IS1 is the pickup received current, and IS2 is the output current of the pickup circuit.

Figure 6. Steady-state model.

In a steady-state circuit, LCL circuits in the primary, relay, and pickup are fully tuned, such that
1
1
1
1
1
1
=
=
=
=
=
= ω2 ,
LP 1 CP
LP 2 CP
LM 1 CM
LM 2 CM
LS1 CS
LS2 CS

(1)

where ω is the angular frequency of the high-frequency inverter circuit. According to the Norton equivalent
principle, the primary system can be represented by the model in Figure 7.

Figure 7. Primary equivalent circuit.

The primary supply generates a constant track current in Lp2 , which is magnetically coupled to the relay
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coil so that the relay circuit received voltage VM can be represented by:
VM = ωM1 IP 2 =

VI M1
.
LP 1

(2)

The relay circuit transmitter current IM 2 :
IM 2 =

VM
VI M1
=
.
ωLM 1
jωLM 1 LP 1

(3)

VI M1 M2
.
LM 1 LP 1

(4)

The pickup received voltage Vp :
VP = ωM2 IM 2 =
The output current of pickup received Is2 :
IS2 =

VP
VI M1 M2
=
.
ωLS1
ωLS1 LM 1 LP 1

(5)

VI and VO , which are assumed as the output voltage of the primary power converter and the output voltage of
the pickup power conditioner, are given by:
VI = |VI | ∠β, VO = |VO | ∠ϕ,

(6)

where β and φ are the initial phase angle of the output voltage of the primary power converter and the pickup
power converter, respectively.
The received output power of pickup Pout can be calculated as:
Pout =

|VI | |VO | M1 M2
sin (β − ϕ) .
ωLS1 LM 1 LP 1

(7)

From Eq. (7), it is evident that the amount and direction of power flow depends on voltage magnitudes and
relative phase angles between β and φ. Thus, a leading phase ( π /2 ≥ β − φ > 0) constitutes the power
transfer from the primary to the pickup, while a lagging phase (0 ≥ β − φ > −π /2) enables power transfer
from the pickup to the primary. Furthermore, the output power can be regulated by controlling the magnitude
of voltage.
4.2. Shift phase voltage control of the primary side
For a given system frequency and primary inductance Lp1 , the current of primary coil IP 2 is only proportional
to the output voltage of the primary inverter and is unaﬀected by load variation. This paper uses a PWM shift
phase control strategy to adjust the current of primary coil IP 2 by changing the output eﬀective fundamental
value of the inverter. Thus, the output power of the primary coil is regulated. The switch conduction time and
output voltage waveform of the power converter are shown in Figure 8.
Power switches Q1 , Q2 , Q3 , and Q4 form a full bridge in the primary as shown in Figure 3. Q1 and
Q2 are conducted complementarily while Q3 and Q4 are unconducted at shift phase angle ϕ(0 ≤ ϕ ≤ π) .
The output voltage of primary power converter VI can be expressed in Fourier terms in which β(0 ≤
β ≤ 2π) is the initial phase angle of output voltage:
VI =

+∞
∑
n=1,3,5···
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+∞
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The output fundamental voltage is:
VI1 =

(φ)
4VL
cos
sin (ωt − β) .
π
2

(9)

From Eq. (9), the amplitude of output fundamental voltage VI can be regulated by changing the shift phase
angle while the primary coil current IP holds constant.
4.3. The output power of the pickup side
Figure 9 shows that the relay bidirectional WPT system applies a full bridge rectifier circuit on the pickup side.
Therefore, the output voltage and direction of power flow can also be controlled by a PWM phase shift control
strategy.
The phase angle of VI with respect to VO is assumed to be α . Thus, if the initial phase angle of the
primary power converter output voltage VI is 0, the pickup power conditioner output voltage VO is −α . As is
evident, power is transferred from the primary to the pickup in the case above.
The output voltage of pickup power conditioner Vo can also be expressed in Fourier terms:
+∞
∑

VO =

Un sin (nωt + α)

n=1,3,5···
+∞
∑

=

n=1,3,5···

The fundamental voltage is:
VO1

4UO
nπ

cos

( nλ )
2

.

(10)

sin(nωt + α)

√
( )
2 2UO
λ
=
cos
sin (ωt + α) .
π
2

(11)

The output power of the system is:

Pout =

√
( )
2 2 |VI | Uo M1 M2
λ
cos
sin (α) ,
πωLS1 LM 1 LP 1
2

(12)

where λ is the shift phase angle of the pickup PWM rectifier circuit, Uo is the output voltage of the rectifier,
and RZ is the resistance load.

Figure 8. Switch conduction time of full bridge inverter
and the output voltage.

Figure 9. The output circuit of the rectifier.
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Assuming that the losses of the full bridge rectifier circuit are 0, then the pickup circuit received output
power is equal to the load absorbed power and thus the output voltage of rectifier bridge Uo is expressed as:
Uo =

√

RZ Pout =

√
( )
2 2 |VI | M1 M2 RZ
λ
cos
sin (α) .
πωLS1 LM 1 LP 1
2

(13)

From Eq. (13), for a given design circuit and working frequency, the output voltage of full bridge rectifier Uo
depends on shift phase angle λ , the valid values of primary power converter output voltage |VI | , and the output
voltage relative phase α between the primary and pickup. Furthermore, it is evident that output voltage Uo
is proportional to load Rz. The output voltage can be held constant by regulating the valid output voltage of
primary transmitter VI , the shift phase angle λ, and the voltage relative initial phase α if the load varies.
5. Power and eﬃciency of bidirectional WPT system for EVs
The equivalent circuit is shown in Figure 10, considering the resistance of each coil.

Figure 10. The equivalent circuit considering coil resistance.

R1 , R2 , R3 , and R4 are four resistances of the mutual inductor, respectively; RSL is the input equivalent
resistance of the pickup; RM L is the input equivalent resistance of the relay circuit; and Req is the equivalent
reflected resistance of the primary.
Under conditions of system resonance, input equivalent resistance of pickup RSL is:
RSL =

R4 RL + (ωL3 )2
.
RL

(14)

Input equivalent resistance of relay circuit RM L is:
RM L = R2 +

(ωL2 )2 RSL
.
(ωM2 )2 + RSL R3

(15)

Equivalent reflected resistance of primary Req is:
Req =

(ωM1 )2
.
RM L

(16)

VI
.
ωL1

(17)

The current of primary coil IP 2 is:
IP 2 =
3044
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The induced voltage of the relay circuit that is magnetically coupled to primary side VM is:
VM =

VI
VI M1
× ωM1 =
.
ωL1
L1

(18)

VM
.
RM L

(19)

IM 1 (ωL2 )2 RSL
.
wL2 [(ωM2 )2 + RSL R3 ]

(20)

The input current of relay circuit IM 1 is:
IM 1 =
The current of relay circuit IM 2 is:
IM 2 =
The induced voltage of pickup coil VP is:
VP = ωM2 IM 2 .

(21)

The input current of pickup IS1 is:
VP
.
RSL

(22)

VP
(ωL3 )2
1
×
×
.
RSL
RL
ωL3

(23)

IS1 =
The output current of pickup IS2 is:
IS2 =
The output power of system Pout is:


Pout

2
3
|V
|
M
M
ω
L
L
I
1
2
2
3
 RL .
[
]
=
2
2
2
L1 R2 R3 R4 RL + R3 (ωL3 ) + RL (ωM2 ) + (ωL2 ) [R4 RL + (ωL3 )2 ]

(24)

From Eq. (24), for a given load RL , the output power of the system is proportional to mutual inductance M1
and the module of primary output voltage |VI | .
If
dPout
= 0,
dM2
then

(25)

√
M2−power

1
=
ω

R2 R3 R4 RL + R2 R3 (ωL3 )2 + (ωL2 )2 [R4 RL + (ωL3 )2 ]
.
R2 RL

(26)

Under the condition of Eq. (26), the maximum output power of the system is:
(

Pout max

)2
|VI | M1 ω 2 L2 L3
=
.
4L21 R2 [R2 R3 R4 RL + R2 R3 (ωL3 )2 + (ωL2 )2 (R4 RL + (ωL3 )2 )]

(27)

Due to the limitation of M2 < min( LM 2 , LS1 ) , an optimal parameter may not exist in the actual system. The
input resistance of primary RP L is:
RP L =

(ωL1 )2
.
R1 + Req

(28)
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The input power of the system is:
2

Pin =

|VI |
.
RP L

(29)

Eﬃciency η of the system can be calculated as:

η=

ω 6 M12 M22 L22 L23 RL RP L

[

2

L21 R2 [R3 R4 RL + R3 (ωL3 )2 + RL (ωM2 )2 ] + (ωL2 ) [R4 RL + (ωL3 )2 ]

]2 ,

(30)

and if
dη
= 0,
dM2

(31)

M2−ef f iciency = f (ω, R1 , R2 , R3 , L1 , L2 , L3 , M1 ) .

(32)

then

Eq. (31) can be simplified by representing it with Eq. (32), which is an optimal parameter of the system.

6. Results of the experiment
To verify the viability of the proposed relay WPT system, an experimental system is set up. Since the proposed
system is completely symmetrical in structure and parameters, only the energy from the primary to the pickup
is studied while the opposite mode is the same as energy from the primary to the pickup side. In Figure 3, the
full bridge reversible rectifier, which can be controlled by a PWM shift phase strategy, is operated in inverting
mode or rectifying mode, depending on the direction of the power flow, where the power switch of the full bridge
uses MOSFET, all resonant inductance of system is 134.8 µ H, all compensation capacitance is 0.47 µ F, and
the DC voltage of the primary side is 30 V. Based on Figure 5, the output of the pickup circuit is connected to
load RZ , which is 45 Ω, and filter capacitor CZ is 100 µ F. The primary and pickup control circuit comprises
two parts: a microprocessor and a driving circuit. The microprocessor is DSP (TMS320F28335) to generate a
shift phase pulse while the driving circuit is composed of integrated driving chip IR2110. A photograph of the
experimental set up is given in Figure 11.

Figure 11. Photograph of the experimental set up.

3046

XIA et al./Turk J Elec Eng & Comp Sci

6.1. Verification of frequency stability characteristic
Figures 12a–12d are the waveforms of the output current IP 1 and output voltage of the primary power converter
VI , where the primary phase shift angle ϕ and the pickup phase shift angle λ take ( π /4, 0), ( π /4, π /4), (0,
π /4), and (0, 0), respectively.

Figure 12. The waveform of the frequency stability characteristic: a) ϕ = π /4, λ = 0, b) ϕ = π /4, λ = π /4, c) ϕ =
0, λ = π /4, d) ϕ = 0, λ = 0.

From Figure 12, under a diﬀerent shift phase control, the phase angle of the primary inverter output
voltage and the primary inverter output current is almost the same, which is not aﬀected by the primary and
pickup phase angle.
6.2. Verification of primary constant current characteristic
Figures 13a–13d are the waveforms of current IP 2 flowing from primary coil LP 2 and the output voltage of
primary power converter VI when the primary side shift phase angle ϕ and the pickup shift phase angle λ take
(π /4, 0), ( π /4, π /4), (0, π /4), and (0, 0), respectively, aiming to verify that the LCL resonant compensation
circuit can hold the current of the primary coil constant.

Figure 13. The waveform of the primary coil current: a) ϕ = π /4, λ = 0, b) ϕ = π /4, λ = π /4, c) ϕ = 0, λ = π /4, d)
ϕ = 0, λ = 0.

As seen from Figure 13, for a given primary inductance, the primary coil current only depends on the
output voltage of the primary inverter while it is unrelated to the shift phase of pickup. The equivalent load of
pickup varies with the pickup side shift phase angle, which proves that the primary coil current is unrelated to
the load indirectly.
6.3. Verification of power control strategy
Figures 14a–14d are the waveforms of the pickup side rectifier output voltage and input current IS2 when the
primary phase shift angle ϕ and the secondary phase shift angle λ take ( π /4, 0), ( π /4, π /4), (0, π /4), and
(0, 0), respectively.
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Figure 14. The waveform of the power control strategy: a) ϕ = π /4, λ = 0, b) ϕ = π /4, λ = π /4, c) ϕ = 0, λ = π /4,
d) ϕ = 0, λ = 0.

From Figure 14, the received power of the pickup side varies with the primary side and the pickup side
shift phase angle, which increases with the shift phase angle.

6.4. Verification of bidirectional transfer characteristic
To verify the direction in which power flow can be controlled, the output of pickup circuits is connected to
individual DC sources. The control block algorithm for bidirectional power flow is given in Figure 15.

Figure 15. The control block algorithm for bidirectional power flow.

The primary DC voltage is 30 V while the pickup side DC source is 45 V and the other system parameters
are consistent with the above.
Figure 16 shows the experimental waveform of the primary power converter and pickup power conditioner
output voltage when relative initial phase α is −π /2.
3048

XIA et al./Turk J Elec Eng & Comp Sci

Figure 16. The waveform of the output current of the primary and pickup side when α = −π /2.

Figure 16a is the waveform of pickup power conditioner output voltage V0 and output current Is2 and
Figure 16b is the waveform of primary power converter output voltage VI and output current IP 1 . From Figure
17, the pickup received power is positive and the primary input power is also positive, which indicates that the
direction of power flow is from the primary to the pickup side.

Figure 17. The waveform of the output current of the primary and pickup side when α = π /2.

Figure 17 is the waveform of the primary power converter and pickup power conditioner output voltage
when relative initial phase α is π /2.
Figure 17a shows the waveform of pickup power conditioner output voltage V0 and output current Is2 .
Figure 17b is the waveform of the primary power converter output voltage VI and output current Ip1 . From
Figure 17, the pickup received power is negative and the primary input power is also negative, which indicates
that the direction of power flow is from the pickup to the primary.
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6.5. Verification of transfer power and parameter optimization of the system
In order to compare the eﬃciency and power flow with the existing topology, we set up a WPT system with
a relay circuit and one without a relay circuit. The eﬃciency and power flow are measured while changing
the positions of the primary and secondary coils (the mutual inductance of the primary and secondary selfinductances) in these two systems. The results are shown in Figure 18.

(a)

(b)

Figure 18. Comparison of the eﬃciency and output power with or without a relay circuit: a) eﬃciency curve, b) output
power curve.

7. Conclusion
This paper proposes a new relay bidirectional WPT system based on LCL topology to resolve the contradictions
between transfer distance, coil misalignment, and eﬃciency. The proposed system is analyzed in terms of
structure feature, parameter design and optimization, and its working modules. These theoretical analyses are
verified by practical experiments and the good performance of this system can make it applicable in EV charging
systems.
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